The advanced tensor based concept of pore pressure-stress coupling is used to provide pre-injection analytical estimates of the maximum sustainable pore pressure change, DP c , for fluid injection scenarios into generic anticline geometries. The heterogeneous stress distribution for different prevailing stress regimes in combination with the Young's modulus (E) contrast between the injection layer and the cap rock and the interbedding friction coefficient, m, may result in large spatial and directional differences of DP c . A single value characterizing the cap rock as for horizontal layered injection scenarios is not obtained. It is observed that a higher Young's modulus in the cap rock and/or a weak mechanical coupling between layers amplifies the maximum and minimum DP c values in the valley and limb, respectively. These differences in DP c imposed by E and m are further amplified by different stress regimes. The more compressional the stress regime is, the larger the differences between the maximum and minimum DP c values become. The results of this study show that, in general compressional stress regimes yield the largest magnitudes of DP c and extensional stress regimes provide the lowest values of DP c for anticline formations. Yet this conclusion has to be considered with care when folded anticline layers are characterized by flexural slip and the friction coefficient between layers is low, i.e. m ¼ 0.1. For such cases of weak mechanical coupling, DP c magnitudes may range from 0 MPa to 27 MPa, indicating imminent risk of fault reactivation in the cap rock.
Introduction
Subsurface engineering applications such as waste water disposal, CO 2 geological sequestration and hydrocarbon production involving the injection of fluids cause a change in pore fluid pressure, which in turn affects the in situ effective state of stress in the subsurface. The selection of suitable injection sites depends critically on the assessment of geomechanical risks such as fracture reactivation associated with the pore pressure increase (e.g. Streit and Hillis, 2004; Li et al., 2006; Rutqvist et al., 2007 Rutqvist et al., , 2008 VidalGilbert et al., 2008; Cappa and Rutqvist, 2011; Zoback, 2012) . Sibson (2003) showed that hydraulic extensional fractures are only critical for intact rock at low differential stress and that the reactivation of cohesionless, optimally oriented shear fractures determines the lower limit of sustainable reservoir overpressures. These fractures, if critically stressed, represent fluid flow pathways (Barton et al., 1995) along which injected fluids such as dissolved CO 2 may escape into the atmosphere or into freshwater aquifers. If such fractures are reactivated due to fluid injection applications, seismicity with moment magnitudes ranging from À3 to 5 can be observed (e.g. Gibbs et al., 1973; Wesson and Nicholson, 1987; Frohlich et al., 2010; Cappa and Rutqvist, 2011; Verdon et al., 2011) .
Whilst a general understanding of the physical process resulting in fracture reactivation and seismicity exists, for a detailed sitespecific risk assessment, extensive time-consuming numerical modeling studies coupling fluid flow simulation through porous media with a geoemchanical analysis are necessary to evaluate these risks (e.g. Settari and Mourits, 1998; Minkoff et al., 2003; Dean et al., 2006; Rutqvist et al., 2007; Vidal-Gilbert et al., 2008; Cappa, 2011; Cappa and Rutqvist, 2011) . As a major conclusion from such studies, the prevailing stress regime (Rutqvist et al., 2007 ; Paradeis et al., 2012) and the fluid flow boundary conditions (Rutqvist et al., 2007; Zhou et al., 2008; Amirlatifi et al., 2012) are the most critical parameters. However, with respect to waste water disposal operations, a study by the National Research Council (NRC, 2012) concluded that data on fault locations, size and fault properties, in situ stress, and rock properties are often not sufficient to be supplemented to existing numerical models with accuracy on a site-specific basis.
As a means to counter such disadvantages, simplified analytical techniques can be used as a pre-injection risk estimate for fault reactivation. The principle of pore pressureestress coupling (Engelder and Fischer, 1994; Hillis, 2001) can be used to estimate the maximum sustainable pore pressure, P c , (e.g. Wiprut and Zoback, 2000; Streit and Hillis, 2004; Rutqvist et al., 2007) for sites where limited geological knowledge exists. Pore pressuree stress coupling is based on the observation that the total minimum horizontal stress changes with a change in pore pressure (Teufel et al., 1991) . However, recent studies by Altmann et al. (2010 Altmann et al. ( , 2014 showed that pore pressureestress coupling does affect not only the minimum horizontal stress but also all components of the principal stress tensor and is a complex function of space and time. Altmann et al. (2014) indicated that pore pressuree stress coupling is therefore different for each stress regime. For the risk of fault reactivation in a homogeneous full space, Altmann et al. (2014) concluded that for strike-slip and compressional stress regimes, the fault reactivation risk is the highest along the s H direction. For extensional stress regimes, the fault reactivation risk is the highest along the s V direction. Therefore, a thorough understanding of the state of stress at potential fluid injection sites is necessary.
Often numerical modeling studies of fluid injection scenarios are simplified to a horizontally layered sedimentary basin (Li et al., 2006; Rutqvist et al., 2007 Rutqvist et al., , 2008 Zhou et al., 2008; Cappa and Rutqvist, 2011 ). These simplified model geometries are valuable to study the influence of parameters such as permeability, injection rate, fluid flow boundary conditions and seal efficiency on CO 2 plume spreading and pressurization (e.g. Zhou et al., 2008; EhligEconomides and Economides, 2010; Cappa and Rutqvist, 2011) . A geomechanical risk assessment simulating an accurate representation of frequently heterogeneous in situ state of stress requires model geometries reflecting the actual geological scenario and thus considering the mechanical contribution arising from geometrical heterogeneities Amirlatifi et al., 2012; Paradeis et al., 2012) . In this regard, anticline structures are among the most common structural traps for hydrocarbon reservoirs and thus become a prime target of the emerging challenge of safe geological sequestration of CO 2 (Metz et al., 2005) and waste water disposal. CO 2 sequestration in anticline structures has been investigated by Paradeis et al. (2012) and Amirlatifi et al. (2012) . Amirlatifi et al. (2012) performed a fluid flow simulation analysis based on generic anticline geometries and showed that low amplitude, large wavelength anticline structures provide the best conditions for CO 2 sequestration. They also concluded that the fluid flow boundary conditions are of utmost importance when evaluating geomechanical risks due to fluid injection. Paradeis et al. (2012) utilized the same generic model geometries and performed a finite element based pre-injection risk assessment by calculating the critical pore pressure increase based on the geometrical factors of anticline wavelength and amplitude and the prevailing stress regime. Using a simplified analytical solution neglecting pore pressureestress coupling, they concluded that the stress regime is the most critical factor and that for extensional and strike-slip stress regimes, anticline structures provide safer conditions than horizontally layered basins.
In addition to the anticline geometry and the stress regime, the friction coefficient between bedding layers and its impact on critical sustainable pore pressures, and the resulting risk of fault reactivation merit special consideration. Flexural slip between sedimentary layers accommodates the strain during multi-layer folding and it has been shown that the presence or absence of interlayer slip strongly controls the distribution and evolution of strain within folded strata (Smart et al., 2009 ) and thus has a significant impact on fracture reactivation (Sanz et al., 2008; Smart et al., 2009) . The friction coefficient between bedding planes effectively describes the coupling between different layers, whereby a low friction coefficient represents a weak coupling and a high competence contrast between adjacent layers is produced (Twiss and Moores, 2007) . A large friction coefficient represents a strong coupling and hence different friction values should result in different stress and strain distributions across adjacent bedding layers.
In this study, three-dimensional (3D) finite element models of generic anticline geometries are utilized to simulate the heterogeneous state of stress. Based on the advanced, tensor based principle of pore pressureestress coupling (Altmann et al., 2014) , analytical equations of the maximum sustainable pore pressure change, DP c , are derived to perform a pre-injection geomechanical analysis to assess the fault reactivation risk for different stress regimes. In addition, the influence of the interbedding coefficient of friction and the Young's modulus contrast between injection layer and cap rock are investigated for different locations in the anticline structure. The analysis is based on the long-term limits given by Altmann et al. (2010) , which become especially relevant for subsurface engineering applications such as CO 2 sequestration and waste water disposal which are interested to estimate how much pore pressure change is sustainable over long times.
Theoretical background

Pore pressureestress coupling
Based on the solution of continuous fluid injection obtained by Rudnicki (1986) , Altmann et al. (2010 Altmann et al. ( , 2014 showed that pore pressureestress coupling, i.e. the ratio of Ds ij /DP, is a complex function of space and time and has tensor character. This means that all components of the principal stress tensor are affected by changes in pore pressure, contradictory to the previous concept described by Engelder and Fischer (1994) and Hillis (2001) . The complex nature of the pore pressureestress coupling function can be simplified by considering the long-term limits. When t / N, the coupling ratios for the radial and tangential stress components with respect to the injection location in a principal stress coordinate system (Fig. 1, after Altmann et al., 2010) can be derived. For Fig. 1 . Different stress components, s 1 , s 2 , and s 3 , in the principal axis coordinate system can be represented as radial and tangential stresses along different axes with respect to the injection location (after Altmann et al., 2010) . the radial stress, the coupling ratio matches the solution of Engelder and Fischer (1994) without using any of their assumptions (Altmann et al., 2010 (Altmann et al., , 2014 :
where a represents the Biot coefficient and n the Poisson's ratio.
For the tangential stress, the coupling ratio is given by (Altmann et al., 2010 (Altmann et al., , 2014 :
Based on these long-term limits, the effective principal stress tensor after a change in pore pressure, DP, can be calculated (Altmann et al., 2014 Based on long-term limits, the maximum sustainable pore pressures, P c , for fault reactivation is derived with respect to different stress regimes (i.e. extensional, strike-slip and compressional). The MohreCoulomb failure criterion for cohesionless fault reactivation is used for the derivation:
where f is the friction angle. This can be rearranged in terms of the effective stresses,s 0 1 and s 0 3 , after a pore pressure change DP at the critical (i.e. the maximum sustainable) pore pressure P c :
which, when DP ¼ P c À P is introduced and the pore pressuree stress coupling (for tangential stresses) is considered, is equal to:
For the following derivations, we introduce a ¼ (1þsinf)/ (1 À sinf) and solve Eq. (6) for P c for various stress regimes. Due to the nature of pore pressureestress coupling, P c is derived for different locations in the principal axis coordinate system (Fig. 1) . In order to discuss implications for failure, corresponding differential stress after a pore pressure change is also derived. The following derivations are given for the general case involving principal stresses, s 1 , s 2 and s 3 . To obtain results for the specific stress regimes where the principal stresses are given by the vertical stress, s V , and the two horizontal stresses, s h and s H , corresponding order of the principal stresses has to be used, i.e. for a compressional stress regime, s 1 ¼ s H and s 3 ¼ s V .
(1) Along s 3 direction: according to Fig. 1 (7) which including DP ¼ P c À P becomes:
Solving this equation for P c results in:
The resulting differential stress,
(2) Along s 2 direction: according to Fig. 1 and Eq. (4), both s 1 and s 3 represent tangential principal stresses. The MohreCoulomb criterion including DP ¼ P c À P becomes:
(3) Along s 1 direction: according to Fig. 1 and Eq. (4), s 1 then represents the radial principal stress and s 3 the tangential principal stress. The MohreCoulomb criterion including DP ¼ P c À P becomes:
, is given by
Modeling approach
The numerical modeling analysis comprises a finite element analysis based on the prevailing far-field stress regime that is used for a pre-injection assessment of critical sustainable pore pressure differences for different stress regimes and interbedding friction coefficients. It is important to note that the modeling approach is based on the assumption that the anticline structure is pre-existing and that static displacement boundary conditions can be used to simulate different far-field stress regimes. The modeling approach does not consider the structural development of the anticline over geological time scales. Different geological strain rates and material property distributions result in different states of stress of a fold (e.g. Lemiszki et al., 1994) . Since folding in most natural cases involves viscous or visco-elastic deformation processes, it is plausible that the syn-folding stress distribution during viscous or viscoelastic folding processes is likely to be relaxed and elastic postfolding deformation events can superimpose the state of stress. It is clear that the modeling approach presented together with the equations to calculate DP c can also be applied to more complex strain rate dependent model scenarios. However, such an approach requires additional sensitivity analyses reflecting the temporal evolution of deformation which is beyond the scope of this paper. For the purpose of this paper it is assumed that the anticline geometry is pre-existing and that a static state of stress using displacement boundary conditions is considered sufficient for the study of the model parameters of the anticline and represents a common approach to simulate in situ stress states for geomechanical studies (e.g. Rutqvist et al., 2007; Eckert and Connolly, 2007; Buchmann and Connolly, 2007; Altmann et al., 2014; Eckert and Liu, 2014) .
The geometry and boundary conditions for the generic anticline structures used in this study are shown in Fig. 2a . The model dimensions are 6000 m (x-direction) Â 1500 m (ydirection) Â 2750 m (z-direction). In order to minimize any boundary effects of the numerical model, the anticline is positioned in the center of the model with 1500 m of horizontally layered material on both sides of the anticline. The model geometry comprises a cap rock layer and an injection layer (Fig. 2b) as part of a sandstone and shale sequence in the middle of the model which is covered by an overburden layer and supported beneath by a basement layer. The total thickness of the shale and sandstone sequence is 500 m with each layer having a thickness of 100 m. The interface between each layer is modeled as a frictional contact surface enabling in-plane displacements. Four different friction coefficients of 0.1, 0.3, 0.5 and 0.8 are tested. The material properties for the different layers are given in Table 1 . The pore pressure distribution is hydrostatic.
The finite element analyses are run in two consecutives steps using the commercial finite element software code ABAQUSÔ. The first step serves to equilibrate the gravitational force over the complete model domain (e.g. Buchmann and Connolly, 2007; Smart et al., 2009; Eckert and Liu, 2014) . In the second step, displacement boundary conditions calculated using the equations of linear poroelasticity (Jaeger et al., 2007) are used to generate the strains simulating the different stress regimes in three dimensions. The respective values of the horizontal stresses for the different stress regimes are all calculated for the top of the injection layer in the horizontally layered section. For all regimes, the vertical stress is given by the integration of overburden density. For the extensional stress regime, it is assumed that the sedimentary layers are tectonically relieved and thus the uniaxial strain assumption to calculate the resulting horizontal stresses applies (Engelder and Fischer, 1994 ): The strike-slip regime is characterized by s h ¼ 0.8s V and s H ¼ 1.2s V . The compressional stress regime is characterized by s h ¼ 1.25s V and s H ¼ 1.5s V . As the state of stress in the cap rock also depends on the magnitude of the Young's modulus, three different scenarios are tested, i.e. same Young's modulus for the cap rock and the injection layer, a higher Young's modulus for the cap rock, and a lower Young's modulus for the cap rock (Table 1) .
Once the stress regimes are established in the horizontal section of the model, it is clear that the geometry of the anticline structure results in a heterogeneous state of stress where the horizontal and vertical stresses are not principal stresses anymore. Based on the far-field stress regimes and the slip occurring between the bedding planes, the principal stress distribution is calculated by the finite element model. The resulting heterogeneous distributions of s 1 and s 3 magnitudes for each stress regime are then used to calculate the critical pore pressure, P c , according to Eq. (15) for various models (with varying friction coefficient and Young's modulus).
Results
The maximum sustainable pore pressure change, DP c ¼ P c À P, is calculated for each stress regime along the direction posing the largest risk for fault reactivation, i.e. the s 1 direction. As the state of stress in an anticline displays variations , it is obvious that s 1 in the anticline limb does not represent an Andersonian stress direction anymore. Assuming a friction coefficient of m ¼ 0.577 (i.e. a friction angle of f ¼ 30 , resulting in a ¼ 3) for fault reactivation, a ¼ 1, and using the model parameter of n ¼ 0.25 in Eq. (15), the critical pore pressures along the s 1 direction for various stress regimes can be determined: (Figs. 6e8) are accompanied for better clarification. Only one half of the anticline structure is presented as the results are symmetric.
Extensional stress regime
The results show that DP c values range from 0 MPa to 4.6 MPa for various cases tested (Fig. 3) . In general, it can be observed that 
Strike-slip stress regime
The results show that DP c values range in 4.6e7.7 MPa for various cases tested (Fig. 4) . In general, lower values of m result in higher DP c magnitudes. The highest DP c magnitudes (w7.7 MPa) occur in the limb of the injection layer for the lowest m. The lowest DP c magnitudes (w4.6 MPa) occur at the bottom of the crest for the cap rock featuring a higher E than the injection layer and for the lowest m. In addition, a larger m results in the largest DP c at the crest and valley; a lower m results in the largest DP c in the limb. For a homogeneous Young's modulus (E) distribution, lower values of m result in slightly lower DP c magnitudes in the cap rock compared to that in the injection layer. The influence of the Young's modulus shows a clear dependence on the location within the structure. For the limb, a higher E value in the cap rock increases DP c compared to that in the injection layer and a lower E value decreases DP c . This observation is occurring for all m ranging from 0.3 to 0.8. For m ¼ 0.1, a stronger mechanical decoupling results in slightly lower DP c in the cap rock. At the crest, a higher E in the cap rock results in lower DP c magnitudes (w0e5.5 MPa) at the bottom of the crest.
Compressional stress regime
The results show DP c values ranging from 0 MPa to 27.3 MPa for the various scenarios tested (Fig. 5) . In general, the results show that the anticline limb can sustain larger pore pressure changes along s 1 direction than the crest and valley (Fig. 5 ). This behavior is amplified for lower friction coefficients, i.e. resulting in large differences of DP c between the crest and the limb for the lowest m of 0.1. For a higher E in the cap rock, DP c reaches 0 at the bottom of the cap rock. It should be noted again that this DP c is characteristic for the s 1 direction, which coincides with s H at the crest (Fig. 8) , but not the s 3 ¼ s V direction. The differences in DP c at the crest strongly depend on the magnitude of the Young's modulus of the respective layer. So whilst for a higher E in the cap rock DP c ¼ 0 MPa, the case of a lower E in the cap rock results in DP c ¼ 12e15 MPa. These differences in DP c with respect to the location in the anticline structure become less pronounced. The stronger the coupling between the layers (i.e. the higher m) is, the lower the Young's modulus for the cap rock becomes, i.e. the case for m ¼ 0.8 and a lower E in the cap rock results in almost uniform DP c magnitudes across the structure of w15e18 MPa.
Discussion
Calculating the maximum sustainable pore pressure change, DP c , prior to fluid injection represents a valuable method to estimate the risk for reactivation of optimally oriented fractures. Previous studies by Rutqvist et al. (2007 Rutqvist et al. ( , 2008 concluded that if simplified analytical solutions, which are based on the coupling of pore pressure and the minimum horizontal stress only, are utilized, the poro-elastic effects are difficult to be estimated and hence large discrepancies resulting in overestimation or underestimation of DP c arise. The more advanced tensor based concept of pore pressureestress coupling (Altmann et al., 2010 (Altmann et al., , 2014 enables to account for the poro-elastic effects more reliably and, as shown by Eq. (17), analytical solutions can be derived to calculate DP c along the respective direction posing the highest risk for reactivation of optimally oriented fractures for different stress regimes. Such analyses become especially relevant when structural trap systems such as anticlines which feature a heterogeneous state of stress are considered for fluid injection purposes. If anticline structures are characterized by flexural slip folding and the bedding interfaces are characterized by frictional surfaces, the resulting stress heterogeneities between injection layer and cap rock are amplified. The state of stress at any point in such anticline structures can be simulated using finite element analysis, and DP c can be calculated for the direction featuring the highest risk of fault reactivation. It should be noted that the absolute magnitudes of DP c presented in this study are strongly subjective and in fact reflect the specific boundary conditions of the generic model setups. The intent of this study is to document the relative importance of various geological parameters considered (i.e. stress regime, Young's modulus contrasts between injection layer and cap rock, and interbedding friction coefficient). In the following sections each stress regime is discussed separately, compared to the results obtained from a horizontally layered model featuring the same stress regime, and suggestions for preferred injection locations/conditions are presented. It should be noted that the horizontally layered model for comparison does not include interbedding frictional surfaces as no bending strains need to be accommodated by flexural slip.
Extensional stress regime
For the extensional stress regime of the anticline structure cap rock remains intact. It should also be noted that these shear fractures to occur at the bottom of a fold crest are extremely unlikely and that pre-existing fractures in this location would most likely represent thrust faults with a dip of 30 (Price and Cosgrove, 1990; Bergbauer and Pollard, 2004) . Considering this scenario, DP c values are most likely larger than 0 MPa (5.5 MPa, if Eq. (17) is adjusted to consider 30 dipping thrust faults), providing a safe, although small, pore pressure difference for injection of fluids. The spatial distribution of DP c suggests injecting fluids at the valley of an anticline structure that is characterized by a higher E in the cap rock and that preferably features a low interbedding friction coefficient.
The overall small DP c magnitudes throughout the anticline structure merit special consideration, especially when compared to horizontally layered bedding planes featuring the same stress regime and geological parameters (i.e. Poisson's ratio, Young's modulus, density, uniaxial strain, boundary conditions) as considered in the anticline model. For such conditions, the state of stress is in exact frictional equilibrium (Fig. 9a) . Visualizing the effects of pore pressureestress coupling due to fluid injection in a Mohr circle (following Eqs. (9), (12) and (15); Fig. 9b) shows that, along the s V and s H directions, DP c is zero and the risk of fluid injection related fault reactivation is imminent for all layers. Only an increase of s h by a tectonic contribution (Fig. 9c) or a Poisson's ratio larger than 0.25 (Fig. 9d) results in a lower risk of fault reactivation and in conditions suitable for fluid injection. The state of stress within an anticline structure represents such a condition and the simulations presented here and the results presented by Amirlatifi et al. (2012) show that fluids can be safely injected into an anticline structure over an extended period of time under an extensional stress regime.
Considering this comparison, the question arises if fluids should be injected into horizontally layered media in extensional stress regimes? The low level and frequency of seismicity observed in waste water disposal wells (NRC, 2012) indicate that in most likelihood optimally oriented normal faults are not present abundantly in the subsurface and that for a more reliable estimate on DP c , Eqs.
(9), (12) and (15) should be adjusted for intact rock failure (see Appendix). This conclusion is plausible as the generation of optimally oriented normal faults requires extensional tectonic boundary conditions (Jackson and White, 1989) to decrease s h . For cases of fluid injection in active extensional tectonic regions such as rift zones or crustal thinning regions, care has to be taken and Eqs. (9), (12) and (15) apply. 
Strike-slip stress regime
For the strike-slip stress regime, DP c magnitudes range from 4.6 MPa to 7.7 MPa. Since the highest risk of fault reactivation occurs approximately along the s H direction (Fig. 7) , the results clearly indicate that formations featuring a smaller Young's modulus in the cap rock should be avoided. For such a case (involving all m considered), the cap rock features lower DP c magnitudes along this direction. Also, a higher Young's modulus in the cap rock in combination with a very low m should be avoided as this condition results in the lowest DP c at the bottom of the crest in the cap rock.
Most favorable injection conditions occur for a higher E in the cap rock and a friction coefficient of 0.5, resulting in an almost homogeneous spatial distribution of DP c in the range of 5.7e6.7 MPa in the cap rock, which would suggest to inject buoyant fluids into the limb or valley and "denser" fluids into the crest region. Fig. 10 shows the contour plots of the injection layer and cap rock layer in a horizontally layered sedimentary basin featuring the same model parameters. The results show that the resulting DP c magnitudes of 4.9e6.4 MPa are similar, yet slightly smaller, when compared to that of the anticline model. In contrast to the anticline model, a lower E in the cap rock is favorable, providing higher DP c magnitudes; and a higher E in the cap rock actually results in the lowest DP c magnitudes. The comparison shows that for the strikeslip regime considered, the anticline formation provides better fluid injection conditions than the horizontally layered structure: the trap geometry of anticlines naturally contains fluids and DP c magnitudes are slightly higher.
Compressional stress regime
For the compressional stress regime, DP c magnitudes range in 0e27 MPa. The results show that the combination of a higher Young's modulus in the cap rock and a lower interbedding friction coefficient results in larger stress differences between the limb and the crest. As a result, DP c magnitudes in the cap rock limb are as A. Eckert et al. / Journal of Rock Mechanics and Geotechnical Engineering 7 (2015) 60e72 high as 22 MPa and are 0 MPa at the bottom of the crest which would indicate imminent risk of fault reactivation of thrust faults dipping 30 . It needs to be repeated that these DP c magnitudes are only valid along the s 1 direction, which coincides with the s H direction at the crest of the anticline (Fig. 8) . DP c magnitudes calculated along the s 3 ¼ s V direction (Fig. 11 ) confirm this observation. Based on Eq. (9), DP c magnitudes along the s 3 direction are 5 times the value along the s 1 direction, and the spatial distributions of DP c lows and highs are identical. Moreover, these optimally oriented thrust faults are common features below the neutral surface of buckled and folded layers (Price and Cosgrove, 1990) . Hence, anticline injection sites featuring a higher Young's modulus of the cap rock and being characterized by a large degree of flexural slip folding should be avoided. If fluids were injected at the crest of the anticline, a scenario featuring a lower E in the cap rock in combination with a low m would represent the most suitable condition. This scenario, besides ensuring spatial containment of the fluids, takes advantage of the higher DP c magnitudes (w60 MPa) along the s V ¼ s 3 direction at the crest near the injection point and the higher DP c magnitudes along the s 1 direction in the cap rock limb (w15e 18 MPa).
When compared to a model featuring horizontal layers, the same trend in DP c magnitudes can be observed (Fig. 12) . A lower E in the cap rock features the highest DP c magnitudes (w16 MPa), and a higher E in the cap rock features the lowest DP c magnitudes (w4.3 MPa). However, it should be noted that DP c for the horizontally layered model represents a uniform number and except for the cases of lower friction coefficients (m ¼ 0.1) where DP c magnitudes in the anticline structure are higher.
Summary and conclusions
The results presented in this study show that the in situ stress regime is a crucial parameter when assessing the risk of fracture reactivation due to fluid injection. This is particular relevant for geological structures with a heterogeneous state of stress such as the generic anticline structures investigated in this study. The results presented show that DP c results are strongly dependent on the In summary, the largest values of DP c are obtained for the compressional stress regime and the lowest values of DP c (0e 4.6 MPa) are obtained for the extensional stress regime, which in general agree with the studies by Rutqvist et al. (2007) and Paradeis et al. (2012) . However, these general observations have to be treated carefully, as for special cases (i.e. higher E in cap rock, low m) the compressional stress regime may show variations of DP c of 0e27 MPa depending on the respective location within the anticline. Whilst the stress regime exhibiting the most homogeneous DP c distribution (4.6e7.7 MPa) without showing any location of imminent reactivation risk (i.e. DP c ¼ 0) is the strikeslip regime, the most favorable conditions (i.e. a minimum DP c of w15e18 MPa) are obtained for the compressional regime for anticlines featuring a lower E in the cap rock in combination with a low m.
For all stress regimes, the differences in the spatial distribution of DP c reflect the influence of the Young's modulus, E, and the interbedding friction coefficient, m. The general influence of m can be summarized as follows: the lower the values of m are, the higher the DP c magnitudes in the anticline limb are; the lower the values of m are, the lower/higher the magnitudes for the location of the minimum/maximum DP c at the crest and valley are, respectively. The results presented in this study show that a low interbedding friction coefficient effectively decouples the layers mechanically whilst a larger friction coefficient represents a stronger coupling. This decoupling results in significant stress differences at the crest of the anticline and hence different DP c values between the top of the injection layer and the bottom of the overlaying cap rock. These differences in DP c have to be carefully considered as the cap rock is not characterized by a single value for DP c , contrary to models featuring horizontally layered sedimentary basins. Similarly, for the Young's modulus, it is observed that a higher E in the cap rock increases DP c in the limb but also amplifies the maximum and minimum DP c values in the valley and limb, respectively. These differences in DP c imposed by E and m are further amplified by different stress regimes. The more compressional the stress regime is, the larger the differences between the maximum and minimum DP c become.
Besides ensuring spatial containment of the fluids, the comparison to horizontally layered structures shows that, for the majority of parameter combinations, the anticline structure results in higher values of DP c (Table 2 ). This holds true especially for the extensional stress regime, where DP c ¼ 0 MPa in horizontal layers. For the strike-slip stress regime, the horizontal layer scenario is advantageous when the cap rock features a lower Young's modulus. For the compressional regime, m significantly influences the distribution and magnitude of the minimum/maximum DP c values, respectively. Cases of extremely weak coupling between the layers, i.e. m ¼ 0.1 and a higher E in the cap rock, may result in DP c ¼ 0 MPa (both in s 1 and s 3 directions) at the bottom of the crest, and hence should be avoided. For all other coupling scenarios, the location of minimum DP c is advantageously aligned with the s 3 ¼ s V direction resulting in larger DP c magnitudes for this direction.
The numerical modeling results presented in this study clearly demonstrate the complexities that arise when assessing the maximum sustainable pore pressure difference (based on the advanced concept of pore pressure-stress coupling) for realistic structural trap geometries such as anticline structures. In order to make pre-injection analytical estimates of DP c , a viable and accurate option, knowledge of the interbedding friction coefficient is of importance. Assuming that Young's modulus and Poisson's ratio are known and since there exists no direct in situ measurement of this parameter, accurate stress measurement is an absolute requirement for an appropriate calibration of mechanical numerical models to simulate the pre-injection stress state. This is in agreement with the study of the NRC (2012) which concluded that sufficient data on fault locations, size and fault properties, in situ stresses, and rock properties are necessary to accurately assess seismic risks for fluid injection scenarios on a site-specific basis.
The results based on the simplified analytical derivations (i.e. using long-term limits) show that they are useful to obtain a quick first-order estimate on P c prior to injection to estimate fault reactivation risk. It is clear that the true nature of pore pressuree stress coupling is much more complex (Altmann et al., 2010 (Altmann et al., , 2014 . In order to include the spatial and short-term temporal relationships, coupled numerical analyses involving all physical processes are necessary. However, as shown by Amirlatifi et al. (2012) , the results of the pore pressure evolution with time are strongly dependent on the fluid flow boundary conditions and thus more extensive sensitivity analyses are necessary on a case to case basis.
(1) Intact rock failure equations In order to calculate the critical pore pressure for the case of intact rock failure, Eq. (5) 
